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Abstract
Background Providing informative feedback and setting
goals tends to motivate trainees to practice more exten-
sively. Augmented Reality simulators retain the beneﬁt of
realistic haptic feedback and additionally generate objec-
tive assessment and informative feedback during the
training. This study researched the performance curve of
the adapted suturing module on the ProMIS Augmented
Reality simulator.
Methods Eighteen novice participants were pretrained on
the MIST-VR to become acquainted with laparoscopy.
Subsequently, they practiced 16 knots on the suturing mod-
ule, of which the assessment scores were recorded to
evaluatethegain inlaparoscopicsuturingskills.Thescoring
of the assessment method was calculated from the ‘‘time
spent in the correct area’’ during the knot tying and the
qualityoftheknot.Boththebaselineknotandtheknotatthe
top of the performance curve were assessed by two inde-
pendent objective observers, by means of a standardized
evaluation form, to objectify the gain in suturing skills.
Results There was a statistically signiﬁcant difference
between the scores of the second knot (mean 72.59, stan-
dard deviation (SD) 16.28) and the top of the performance
curve (mean 95.82, SD 3.05; p\0.001, paired t-test). The
scoring of the objective observers also differed signiﬁ-
cantly (mean 11.83 and 22.11, respectively; SD 3.37 and
3.89, respectively; p\0.001) (interobserver reliability
Cronbach’s alpha = 0.96). The median amount of repeti-
tions to reach the top of the performance curve was eight,
which also showed signiﬁcant differences between both the
assessment score (mean 88.14, SD 13.53, p\0.001) and
scoring of the objective observers of the second knot (mean
20.51, SD 4.14; p\0.001).
Conclusions This adapted suturing module on the ProMIS
Augmented Reality laparoscopic simulator is a potent tool
for gaining laparoscopic suturing skills.
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The use of simulation in surgical training curricula is
becoming more widely accepted and most Virtual and
Augmented Reality simulators are able to provide objective
assessment and feedback. Objective assessment of perfor-
mance is fundamental to provide formative feedback
during training, allowing for continuous skill reﬁnement
[1]. Providing feedback and setting goals tends to motivate
trainees to practice their skills more extensively compared
with a self-directed group [2].
The development of objective measures of operative
skill is important to conﬁrm the role of simulators in lap-
aroscopic surgery [3]. To be an effective training tool, the
simulator has to provide metrics that are meaningful and
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recently recognized the need to assess surgical perfor-
mance objectively [3].
Haptic feedback is fundamental for good laparoscopic
training, in particular for laparoscopic suturing [4–6].
Laparoscopic training with haptic feedback results in sig-
niﬁcantly improved skills transfer to the trainee compared
with training without haptic feedback [3]. Especially for
laparoscopic suturing skills, it is important that the partic-
ipants have tactile feeling of what they are doing during the
procedure. In general, it is assumed that realistic simula-
tions with haptic feedback result in better training effects
and better transfer to the clinical setting [7]. Augmented
Reality provides realistic haptic feedback because of the
hybrid mannequin environment in which the trainee is
working, with real laparoscopic instruments and materials.
To become proﬁcient in laparoscopic skills or proce-
dures, surgeons in training must experience their own
learning curve to gain proﬁciency. Improvement in skills
tends to be more rapid during the ﬁrst part of the training
and will taper off over time until a steady state has been
reached [8]. In this study we examined the performance
curve on suturing skills of trainees with no previous lapa-
roscopic suturing experience to research whether the
suturing module of the ProMIS v2.0 Augmented Reality
simulator is proﬁcient for training of suturing skills to
surgical residents.
Methods
Subjects
In total 18 novice participants completed the 2-day training
sessions on the suturing module of the ProMIS V2.0. All
participants were medical students during their clinical
rotations or surgical residents. None of the participants had
previous clinical laparoscopic experience or any laparo-
scopic suturing experience. An informed consent was
signed by all participants to state that they voluntarily
participated in this study.
Equipment
ProMIS V2.0
In this study we used the ProMIS v2.0 Augmented Reality
(AR) simulator (Haptica,Dublin, Ireland). The laparoscopic
interface was a torso-shaped mannequin (29’’ L 9 20’’ W 9
9’’ D) with a skin-colored cover, which is connected to a
notebook (Dell, XPS M1710). The mannequin contained
three separate camera tracking systems, arranged to identify
any instrument inside the simulator from three different
angles. The camera tracking systems captured instrument
motion with Cartesian coordinates in the x, y, and z planes
at the average rate of 30 frames per second (fps). The distal
end of the laparoscopic instrument shaft was covered with
two pieces of yellow electrical tape to serve as a reference
point for the camera tracking system; therefore, it accepted
a broad range of instrument types. Instrument movement
was recorded and stored in distinct sections, based on the
time the tips of the instrument was detected until removed
from the mannequin. The notebook was positioned so that
the participant had the screen placed just below eye level
and the mannequin was placed at a standard ergonomic
height for performing the laparoscopic tasks.
The simulator recorded time, path length, and smooth-
ness of movement (through changes in instrument velocity
and changes in direction), during each separate task within
the training module. After completion of the task, ProMIS
provided statistics on the screen. In addition, a full video
and virtual playback of the trainee’s performance were
saved. The suturing pads for the suture and knot tying task
were placed inside the mannequin.
Suturing module
For the suturing module used in this study, an adapted
assessment method was developed, which calculated the
assessment scores based on the time spent in the correct
area (dome) and the quality (strength) of the tied knot. The
dome itself was only for the path of throwing the thread
over the needle holder. When the thread had to be pulled
tight, the instrument had to come out of the dome at a
certain point and angle, which was calculated from the
ideal path of the experts and guided by an arrow on the
screen (Fig. 1). It was important that the trainee only pulled
on the proper side of the thread and only with the proper
Fig. 1 Dome of the adapted suturing module is visualized on the
screen as guidance and assessment method during the suturing task.
When the instruments are inside the proper area, the dome is
translucent
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123hand in the correct angle to create a surgeon’s knot. At the
end of the task the assessment score of the performance
was shown by means of a percentage per step that was
spent in the correct area (Fig. 2). The quality (strength) of
the knot was tested by cutting the suture out of the suturing
pad and pulling at the cut ends with a tension meter. This
showed whether the knot would slip or break when pulled
with at least 25 N, which a correct surgeon’s knot should
be able to endure [9].
During training, the 26173 KL and 26173 KAL KOH
macroneedleholders(KarlStorz,Tutlingen,Germany)with
CovidienPolysorb3-0suturingneedleandthreadwereused.
MIST-VR
To practice the basic skills of laparoscopic surgery and
become acquainted with the fulcrum effect, the participants
practiced four tasks on the well-validated MIST-VR lapa-
roscopic simulator: Acquire Place, Withdrawal, Transfer
Place, and Traversel [4, 10–13].
Performance evaluation form
The assessment of the suturing skills of the baseline knot
and the ﬁnal knot were performed by using a standard
evaluation form, which consisted of seven items scored on
ﬁve-point Likert scale: 1) positioning needle in needle
holder; 2) running needle through suturing pad; 3) taking
proper bites of the suturing pad while performing the
suture; 4) throwing thread around needle holder; 5) pulling
tight the thread in proper direction; 6) tying a correct sur-
gical knot; and 7) global evaluation of performance. For
this study we used the summation of these seven items to
compare the performances. Both expert observers have
performed more than 500 clinical laparoscopic procedures
and have extensive laparoscopic suturing experience, using
the same suturing and knot-tying technique.
Protocol
Eighteen novice participants were pretrained on the MIST-
VR with four basic tasks before starting the suturing ses-
sions to become acquainted with the laparoscopic basics
and the fulcrum effect. Thereafter, they watched a dem-
onstration video of a laparoscopic surgeon’s knot. During
the training, step-by-step instruction videos were used to
guide the trainee during practice, whereas no additional
verbal feedback was given on the suturing skills.
Then, the participants practiced two knots on the adap-
ted suturing module on the ProMIS V2.0, of which the
second one was assessed as the baseline score. The ﬁrst
knot was not used as the baseline to avoid bias in the
results, caused by unfamiliarity with both the simulator,
instruments, and module; therefore, the second run of the
suturing task was used as a baseline knot. The second
(baseline) knot was assessed by two independent objective
observers, by means of the standard evaluation form. The
participants practiced another 14 knots on the suturing
module in 2 days: in total 7 knots on the ﬁrst day and 9 on
the second day. After the training session, the recorded
knots at the top of the individual performance curve and at
the overall performance curve (knot 7) were assessed by
the objective observers. During the training, the assessment
scores of the adapted assessment module were gained to
evaluate the gain in suturing skills and to visualize the
learning effect of this suturing module.
Statistics
All data was processed and analyzed by using SPSS 13.0
(SPSS, Inc., Chicago, IL). Differences between the per-
formance scores during the training were calculated with
ANOVA. The differences between the performance scores
at the baseline and at the top of the performance curve were
calculated with the paired t test. Interobserver reliability
was calculated with Cronbach’s alpha. p\0.05 was con-
sidered a signiﬁcant difference.
Results
According to the assessment method, a median of eight
repetitions were necessary to reach the top of the perfor-
mance curve (Fig. 3);This isknot7inthetables andﬁgures,
becausetheﬁrstknotwasnotusedintheresultstoavoidbias.
The individual top of the performance curve was compared
with the baseline scores, which showed a signiﬁcant differ-
ence in the assessment score (mean 72.59 vs. 95.82,
p\0.001). There also was a signiﬁcant difference between
the assessment scores of the second (baseline) knot and knot
7(mean72.59and88.14,respectively;p = 0.001;Table 1).
Fig. 2 Dome and arrow during the suturing task to guide the trainee
in the proper direction when pulling the knot tight. The dome turns
bright blue when pulling the knot tight in the wrong direction
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123The scores of ‘‘time spent in the correct area’’ reached the
plateau phase at knot 7 (Fig. 4) and showed signiﬁcant
improvementduringthetraining (p\0.001,ANOVA).The
scoresofthe‘‘strengthoftheknot’’tendedtovaryduringthe
training session and did not show a signiﬁcant difference
(p = 0.479,ANOVA),withadipinthescoresatknots6and
11 (Fig. 5). Although this was not a primary assessment
parameter, there was a signiﬁcant decrease in the time to
completethe knotduringthetraining (p\0.001,ANOVA).
The scoring of the objective observers differed signiﬁ-
cantly for both the knot at the top of the individual
performance curve and knot 7 compared with the baseline
knot (mean 11.83, 22.11, and 20.51, respectively;
p\0.001; Table 1), with an interobserver reliability
Cronbach’s alpha of 0.96.
The scores of the individual assessment parameters
‘‘time spent in the correct area’’ and ‘‘strength of knot’’ also
showed signiﬁcant differences between the baseline knot
and both the knot at the top of the average and individual
performance curve (p = 0.003, p = 0.004, and p\0.001,
respectively; Table 1).
Five participants started the training session with high
assessment scores and were able to perform a correct
surgeon’s knot while staying in the correct area for the
major part of the performance. Their assessment scores
did not improve signiﬁcantly during the training
(p = 0.602, ANOVA; Fig. 3) nor comparing the baseline
knot with the best performance (p = 0.08; Table 2).
‘‘Time spent in the correct area’’ did not show signiﬁcant
improvement during the training session (Fig. 4) and
neither did ‘‘strength of the knot,’’ which decreased dur-
ing the progress of the training (Fig. 5). The average
group (n = 13) signiﬁcantly improved both the assess-
ment score and ‘‘time spent in the correct area’’ during
training (p\0.001; Figs. 3 and 4, Table 2). The strength
of the knot did not improve signiﬁcantly during the
training process, because there are a few dips in the curve
(Fig. 5).
Fig. 3 Assessment scores during the suturing training improved
signiﬁcantly: p = 0.008 for the total group, and p\0.001 for the
intermediate group (ANOVA). Participants with native abilities did
not show signiﬁcant differences in their performance (p = 0.602,
ANOVA)
Table 1 Gaining proﬁciency in suturing skills
Mean (standard deviation) p-value
Baseline knot Knot 7 Knot on top of
individual curve
Baseline vs.
knot 7
Baseline vs.
knot on top
Assessment score 72.59 (16.28) 88.14 (13.53) 95.82 (3.05) \0.001 \0.001
Time spent in correct area 76.3 (15.06) 87.39 (12.91) 91.64 (6.11) 0.003 \0.001
Strength of knot 69.44 (25.08) 88.89 (21.39) 100 (0) 0.004 \0.001
Objective observer score 11.83 (3.37) 20.51 (4.14) 22.11 (3.89) \0.001 \0.001
Differences were calculated by using the paired t test; p\0.05 was considered a signiﬁcant difference
Fig. 4 ‘‘Time spent in the correct area’’ during the suturing training
improved signiﬁcantly: p\0.001 for both the total group and
intermediate group (ANOVA) but not for the native abilities group,
p = 0.209 (ANOVA)
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were all pretrained on the MST-VR simulator with four
basic tasks. The performance scores from these tasks were
compared with the scores of the baseline knot to determine
whether there were correlations between the native psy-
chomotor abilities and the native suture and knot-tying
skills. No signiﬁcant correlations were found between the
basic and suturing skills (Table 3). However, there was a
correlation in the performance on the MIST-VR and the
time to complete the baseline suture task, but because time
is not a primary assessment measurement, no conclusions
can be made. Moreover, a signiﬁcant negative correlation
was calculated between the scores of the MIST-VR and the
‘‘time spent in the correct area’’ during the suturing.
Two participants had major difﬁculties with suturing
and knot-tying skills on the ﬁrst training day: one was not
able to ﬁnish the baseline knot and was excluded from the
results, and the other was able to tie a correct surgeon’s
knot while staying in the correct area for a respectable part
of the performance on the second day.
Discussion
The term feedback refers to the return of performance-
related information to the performer and can be divided
into two major categories: intrinsic feedback and extrinsic
feedback [14, 15]. Intrinsic feedback consists of perfor-
mance-related information available directly to the sensory
system, such as haptic feedback and visual cues of the
instrument movement during the task [14, 15]. Extrinsic
feedback is performance-related information provided by
an external source and has two important roles: 1) to
facilitate achievement of the performance goal, by pro-
viding information about the degree of success thus far, and
about the various components involved in achieving that
performance goal; and 2) extrinsic feedback should moti-
vate the trainee to continue to strive toward the
achievement of that goal [14, 15]. To motivate trainees to
practice their skills, this extrinsic feedback should be
meaningful and informative [15]. Previous studies have
shown that although extrinsic feedback can provide insight
into actions and consequences of the actions, they also can
inhibit intrinsic learning strategies and the development of
problem-solving abilities [14].
Stefanidis et al. [14] suggested a trend toward faster
achievement of simulator proﬁciency with the incorpora-
tion of frequent video tutorial viewing. Providing video
demonstrations before and during training, as used in this
study, has been shown to lead to superior training [14].
It is important that trainees understand the extrinsic
feedback that is provided, to translate this in improvement
Fig. 5 ‘‘Strength of the knot’’ did not show signiﬁcant improvement
during the training for the total, intermediate, and native abilities
groups (p = 0.479, 0.105, and 0.104, respectively, ANOVA)
Table 2 Mean assessment score
Mean (standard deviation) p
Baseline knot Knot 7 Knot in top of individual curve
Average abilities (n = 13) 64.51 (10.85) 84.75 (14.58) 95.25 (3.27) Baseline vs. knot 7: 0.001
Baseline vs. top:\0.001
Native abilities (n = 5) 93.6 (2.6) 96.94 (2.39) * 0.08
Differences were calculated by using the paired t test; p\0.05 was considered a signiﬁcant difference
* Knot 7 scores were the highest on the individual performance gain curves of the group with the native abilities
Table 3 Correlation between basic skills and suturing
Spearman’s rho p
Assessment score -0.185 0.463
Time spent in the correct area -0.479 0.044
Strength of the knot 0.099 0.696
Time to complete the performance 0.637 0.004
Correlation between the performance on the MIST-VR basic lapa-
roscopic tasks and the laparoscopic suturing performance at the
baseline knot, calculated with Spearman’s rho
p\0.05 was considered a signiﬁcant correlation
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length, are not readily transferable to informative feedback
to the trainee, and cannot be used to effectively improve
laparoscopic suturing skills.
In this study the strength of the knot was tested, which
provided informative extrinsic feedback of the perfor-
mance, as a proper tied knot is the performance goal in
laparoscopic suturing training. ‘‘Time spent in the correct
area’’ was another measurement used to calculate the per-
formance score and was shown on the screen after each
performance. The trainee was able to see the most prob-
lematic part of the knot tying and what could be done to
achieve an optimal knot.
There was a dip in performance at knots 6 and 11
(Fig. 3). Knot 6 was the last knot on the ﬁrst day of the
training, during which the participants complained of
tiredness and were no longer focused. Knot 11 was the ﬁfth
knot of the second training day. On the second day, knot
tying improved more than expected for most participants,
which resulted in losing focus and concentration. Practic-
ing too intensely in one day may exhaust a trainee, thus
negatively inﬂuencing performance. This could potentially
cause the trainee loss of motivation and negative extrinsic
feedback. Therefore, the recommendation to spread the
laparoscopic training over several days or reduce the
amount of sutures in one session seems to be justiﬁed. The
ﬁrst knot on the second day (knot 7) was the best knot on
average, presumably because the participants had the
opportunity to recapulate both the intrinsic and extrinsic
feedback overnight and regain their concentration.
It has been indicated that learning can be enhanced
when trainees have the opportunity to practice with pro-
gressively increasing levels of difﬁculty [10, 16, 17]. In this
study all participants remained in the ‘‘beginner level’’
mode during the training. However, three difﬁculty levels
are available, which have been developed to motivate
trainees to practice their skills extensively until they have
reached the advanced skills level. For the participants with
a native ability in laparoscopic suturing, an ‘‘advanced
level’’ mode could be an option to increase their motiva-
tion. The performance scores in the ‘‘beginner level’’ mode
decreased during training; if the participants had trained in
the more challenging ‘‘intermediate level’’ mode, perhaps
they would have remained focused to perform with their
best capabilities. Existence of a relationship between cog-
nitive abilities and skills acquisition in the early phase of
learning new surgical skills has been debated, but these
correlations seems to decline when the procedure becomes
routine [18, 19]. This could be another explanation for the
high performance scores during the ﬁrst runs of the task
and the decrease in the scores at the end of the training.
However, pretraining on the MIST-VR does not show a
correlation with the scores of the baseline knot, which
should otherwise visualize the native psychomotor abilities
of the trainee.
Conclusions
This adapted suturing module on the ProMIS Augmented
Reality laparoscopic simulator is a potent tool for the
training of laparoscopic suturing skills to surgical residents.
The trainees in this study needed only seven repetitions on
average to reach the top of the performance curve. There
were statistically signiﬁcant differences for both the scor-
ing of this assessment method and the scoring by the
objective observers when comparing the baseline knot with
the top of the performance curve.
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